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1Department of Neuroscience, University of Wisconsin School of Medicine and Public Health, Madison, WisconsinABSTRACT Transmembrane channel-like protein isoform-1 (TMC1) has emerged over the past five years as a prime
contender for the mechano-electrical transducer (MET) channel in hair cells of the inner ear. TMC1 is thought to have a six-trans-
membrane domain structure reminiscent of some other ion-channel subunits, and is targeted to the tips of the stereocilia in the
sensory hair bundle, where the MET channel is located. Moreover, there are TMC1mutations linked to human deafness causing
loss of conventional MET currents, hair cell degeneration, and deafness in mice. Finally, mutations of Tmc1 can alter the
conductance and Ca2þ selectivity of the MET channels. For several reasons though, it is unclear that TMC1 is indeed the
MET channel pore: 1) in other animals or tissues, mutations of TMC family members do not directly affect cellular mechanosen-
sitivity; 2) there are residual manifestations of mechanosensitivity in hair cells of mouse Tmc1:Tmc2 double knockouts; 3) there
is so far no evidence that expression of mammalian Tmc1 generates a mechanically sensitive ion channel in the plasma mem-
brane when expressed in heterologous cells; and 4) there are other proteins, such as TMIE and LHFPL5, which behave similarly
to TMC1, their mutation also leading to loss of MET current and deafness. This review will present these disparate lines of
evidence and describes recent work that addresses the role of TMC1.Ion channels sensitive to mechanical deformation of the cell
membrane are widely distributed in vertebrates and are cen-
tral to the function of specialized mechanoreceptors, such as
those in the sensory neurons of the skin or the inner ear. The
molecular structure of these mechanically gated channels
has been the subject of much research and speculation
(1,2). Although considerable progress was achieved by
identifying PIEZO2 as a mechanosensitive channel underly-
ing transduction in mammalian touch receptors (2,3), the
composition of the mechano-electrical transducer (MET)
channel in hair cells of the inner ear is still unclear (4,5).
Transduction in auditory hair cells is distinguished by sensi-
tivity to submicron displacements of the mechanosensory
hair bundle composed of multiple rows of stereocilia in a
staircase projecting from the top of the cell (Fig. 1 A).
MET channels are opened by deflection of the bundle to-
ward its taller edge, so increasing tension in extracellular
tip links bridging adjacent stereocilia, and thereby activating
channels at the lower ends of the links (4). Many proteins
comprising the tip links and their attachments (Fig. 1 B)
have been discovered by the effects of specific mutations,
such as those arising in Usher syndrome (6), but the identity
of the channel is still controversial. In cochlear hair cells,
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creativecommons.org/licenses/by-nc-nd/4.0/).for Ca2þ (4,7). Its most notable biophysical properties are its
large single-channel conductance of 100 pS or more (4,8),
and ultrafast activation kinetics (9,10), probably in the
microsecond range (11). Such fast activation is essential
for faithfully encoding sound stimuli at high frequencies
that in some mammals extend up to 100 kHz.
The identity of the hair cell MET channel has been pur-
sued for more than 20 years, with several candidates,
including analogs of the epithelial Naþ channel and multiple
transient receptor potential (TRP) channels, proposed and
rejected (4,12). Most recently, a protein family of previously
unknown function, the transmembrane channel-like (TMC)
proteins (13,14), was put forward based on loss of the MET
current and deafness by null mutations in Tmc1 (15,16).
TMC1 is one product of a family of eight genes encoding
transmembrane proteins that are classified into three sub-
families: TMC1, TMC2, and TMC 3; TMC5 and TMC 6;
and TMC4, TMC 7, and TMC 8 (14,17). TMC1 is highly ex-
pressed and TMC4 moderately expressed in adult cochlear
hair cells, whereas TMC2 is expressed during early neonatal
development (15,18,19). The effects of Tmc1 mutations on
MET function will be described and evidence supporting
TMC1 as a pore-forming module of the transduction chan-
nel will be assessed.Mutations in TMC1 and TMC2
The small number of hair cells per cochlea (mouse <5,000)
and the expected complement of MET channels per cellBiophysical Journal 111, 3–9, July 12, 2016 3
FIGURE 1 The hair cell mechano-transduction apparatus. (A) Scanning
electron micrograph of the V-shaped hair bundle of an OHC depicts three
rows of stereocilia stepping in height across the bundle from 2 to 4 mm
(4). (B) Some key molecular components of the transduction apparatus
associated with the tip link through which force is applied to the MET chan-
nel. Tip links comprise homodimers of cadherin 23 (CDH23) at the upper
end and protocadherin 15 (PCDH15) at the lower end. CDH23 is anchored
to the stereociliary actin cytoskeleton by the Usher protein complex Myo7a,
SANS, and harmonin-b (56). PCDH15 interacts with the MET channel via
putative channel components LHFPL5 (50), TMIE (51), and TMC1
(53,54). The MET channel may be connected to the actin cytoskeleton by
Usher proteins whirlin and CIB2 (57) and Myo15a.
Fettiplace(~100) have precluded biochemical approaches that were
successfully used to isolate components of the transduction
machinery in other sensory systems such as photoreceptors.
Isolating the hair-cell transduction complex has largely
relied on the analysis of mutations underlying various types
of hereditary deafness (http://hereditaryhearingloss.org).
The most severe form of Usher syndrome (type 1) has re-
vealed many components of the transduction complex (6),
but the MET channel was not among them. TMC1 is note-
worthy in that there are more than 35 mutations causing hu-
man hereditary hearing loss (autosomal dominant deafness
DFNA36 and recessive deafness DFNB7/11) (16), making
it, in terms of the number of different mutations, one of
the most common deafness proteins. There are equivalent
TMC1 mutations in mice (20), two of which are the reces-
sive mutation deafness (dn) (13,21) and the dominant muta-
tion Beethoven (Bth) (22); these cause profound deafness at4 Biophysical Journal 111, 3–9, July 12, 2016birth and slower progressive hearing loss, respectively, and
therefore have effects comparable with DFNB7/11 and
DFNA36 in humans. Despite an early claim that the hair
cell MET current was unaffected in Tmc1dn/dn mice (23),
subsequent work showed that Tmc1 knockouts are associ-
ated with abolition of the MET current in both outer hair
cells (OHCs) and inner hair cells (IHCs), but this loss of cur-
rent is not complete until the second postnatal week (15,24).
A significant MET current in Tmc1 knockouts at an earlier
age has been attributed to the additional presence of
TMC2 that was proposed to compensate for lack of
TMC1 (15). Tmc2 is down-regulated in the cochlea after
postnatal day (P)6 (15) and TMC2 protein disappears
from the stereocilia by P10 (25) and, consequently, double
knockouts of Tmc1 and Tmc2 cause complete loss of the
normal MET current even in early neonates (15,24). In
Tmc2 nulls, there is no hereditary deafness or defective
transduction in the cochlea, but there is reduction in the
MET current of type II hair cells of the utricle and resulting
vestibular defects (15), thus arguing for the persistence of
TMC2 in adult vestibular hair cells. Loss of utricular hair
cell transduction in Tmc2 nulls was not mitigated by the
presence of TMC1.
More detailed investigation of Tmcmutants indicated that
although the normal MET current is absent in Tmc1:Tmc2
double mutants, it is replaced by an atypical mechanically
sensitive current evoked by reversed-polarity displacement
of the hair bundle (26,27); this current is activated by deflec-
tions of the bundle toward its shorter edge. The connection
between the normal and reverse-polarity MET currents is
presently not understood, nor is it clear that they are mani-
festations of the same mechanosensitive channel. The
reverse-polarity currents appear under conditions where
normal transduction is lost, such as in mutations of the
tip-link proteins CDH23 and PCDH15 (28), and after
tip link destruction with 1,2-bis(o-aminophenoxy)ethane-
N,N,N0,N0-tetraacetic acid (BAPTA) (26,27,29). Reverse-
polarity currents have been reported in some other mutants
(Myo15 Sh2/Sh2; (30)), and also during embryonic and early
postnatal development before the appearance of the normal
MET current (26,31). One conclusion might be that the
reverse-polarity current reflects residual mechanosensitiv-
ity, indicating that TMC1 is not the MET channel. The chan-
nels underlying the reverse-polarity current are thought to
be located on the hair-cell apical surface, where they are
manifested as stretch-sensitive channels gated by deforma-
tion of the plasma membrane overlying the hair bundle or
the cell apex around the base of the bundle (31). Use of
the ‘‘reverse-polarity’’ epithet is therefore inaccurate, and
they should be more properly referred to as unconventional
MET channels. In assessing the significance of this phenom-
enon, concern was raised that the Tmc1dn/dn mutants are not
true nulls and that some TMC1 function persists to account
for the residual mechanosensitive current; the deafness
mutant results from deletion of exon 14 and flanking
The Hair-Cell Mechanotransducer Channelintronic sequences, but mRNA might still be made by
splicing exon 13 sequence in frame to exon 15 sequence.
Tmc1 and Tmc2 knockouts were originally achieved (15)
by exon replacements with green fluorescent protein
(GFP), and were subsequently referred to as Tmc1D/D and
Tmc2D/D. However, reverse-polarity currents could be re-
corded when Tmc1:Tmc2 double knockouts were created
with Tmc1D/D rather than Tmc1dn/dn (27) suggesting that
the unconventional MET current was not attributable to
expression of a modified isoform of TMC1.FIGURE 2 Structure of TMC1. (A) Putative transmembrane configura-
tion based on tags and hydropathy plots indicate six transmembrane do-
mains (S1 to S6), with intracellular N- and C termini, and a long
intracellular loop between domains S4 and S5 (34). Point mutations causing
progressive deafness in mice including Beethoven are denoted by red circles
(20), and the hatched segment indicates amino acids 463–519 deleted in
Tmc1 deafness (13), with numbering of residues referring to the mouse
sequence. Point mutations causing deafness in humans are indicated by
pink circles (16,58–60), with residue numbering referring to the human
sequence, which differs by a few residues frommouse; only those mutations
causing amino-acid substitutions rather than truncations are noted. The
mutated residues in the transmembrane domains are S1, G197, and N199;
S2, P274, and Y277; S3 and V372; S4, G444, and R445; S5 and M654.
The putative intracellular loop between S4 and S5 also includes two other
potential transmembrane domains shown in blue (34). (B) Alternative struc-
ture is shown that incorporates the two additional transmembrane regions
with connecting section forming a reentrant loop and pore that will include
mutation sites W554 and D569. N-terminus shortened to save space. (C) A
subunit of the dimeric ZnT-1 zinc transporter is shown that displays six
transmembrane domains like some ion channels; the transporting region
is built from S2 and S5, which are adjacent in the three-dimensional struc-
ture, with each containing crucial histidine and aspartate residues (49).Evidence for TMC1 as a channel
When investigating a novel membrane protein, a convincing
argument for its role as a prospective ion channel is that its
mutation influences ion fluxes across the membrane. For
example, with proteins of unconventional structure, such
as the mechanoreceptor, PIEZO1, mutations of a crucial
glutamate residue can alter the Ca2þ selectivity and unitary
conductance of the channel (32,33). Such observations
strengthen the case for it being an ion channel, and identify
a likely pore region. Mouse TMC1 is composed of 757
amino-acid residues and does not resemble other recognized
ion channels. The topology of the protein was studied by
introducing Hemagglutinin (HA) tags at seven places
along the molecule followed by heterologous expression
of the construct. The expressed TMC1 was confined to the
endoplasmic reticulum, but determining the HA epitope
accessibility indicated six transmembrane domains, cyto-
plasmic N- and C termini, and a long intracellular loop
between transmembrane domains S4 and S5 (Fig. 2 A;
(34)). In several respects, TMC1 resembles a Kþ channel
a-subunit in its transmembrane arrangement, but the site
of the pore is not established. In Tmc1dn/dn, profound deaf-
ness results from a 1656 base-pair deletion encoding
amino-acid residues 463–519 in this intracellular loop,
which suggests this region may be functionally important.
An obstacle to systematic study of TMC1, as compared
with PIEZO1, is that it has not so far been possible to ex-
press it in heterologous cell lines and have the protein traf-
ficked to the plasma membrane (but see (35)). In contrast,
GFP-tagged TMC1 is targeted to the hair-cell plasma mem-
brane, localizing near the tips of the stereocilia (25), where
the MET channels are thought to reside (36). If plasma-
membrane targeting were achievable in cell lines, it might
be possible to record whole-cell currents in response to
mechanical indentation of the cell, thus demonstrating it
to be a mechanically sensitive ion channel as was done
with PIEZO1 (37) and no mechanoreceptor potential C
(NOMPC) (38). Nevertheless, investigation of the MET
channel in both IHCs and OHCs demonstrates that knockout
or mutations of Tmc1 or Tmc2 affect the single-channel
conductance and Ca2þ selectivity (24,26,27,39). The results
of Tmc1 knockout on MET-channel conductance are clear-
est, revealing a reduction from wild-type to mutant of 63to 49 pS at the cochlear apex and 102 to 60 pS at the base
in OHCs. Consequently, the well-established increase
in OHC channel conductance along the tonotopic axis
(4) was virtually abolished (26,27). In contrast, Tmc2Biophysical Journal 111, 3–9, July 12, 2016 5
Fettiplaceknockouts gave no significant reduction in OHC single
MET-channel conductance at either apex or base (26).
Tmc1 knockouts were reported to reduce single MET-chan-
nel conductance in IHCs too (39), though the conclusion
was obscured by the wild-type displaying an unexplained
range of conductance levels that may reflect the super-
position of multiple TMC channel events (27).
The wild-type MET channel is a cation channel with high
selectivity for Ca2þ, which is several times more permeant
than monovalent cations Naþ, Kþ, or Csþ (7,8). Owing to
the developmental changes in Ca2þ selectivity occurring
during the first two neonatal weeks (24), the effects of
knockouts on this channel property have been less easy to
interpret. A reduction in Ca2þ selectivity has been reported
in Tmc2 knockouts for both apical OHCs and IHCs (24,39),
though little or no change was seen in Tmc1 knockouts
(24,27). This is puzzling since Tmc1 knockouts cause a
change in channel conductance but not in Ca2þ selectivity,
whereas with Tmc2 knockouts the reverse is true, with a
reduction in Ca2þ selectivity but not in channel conduc-
tance. Thus, although some changes in MET channel unitary
conductance and Ca2þ selectivity are reported with Tmc
knockouts, the results are neither straightforward nor
consistent. One hypothesis on the contributions of TMC1
and TMC2 to the Ca2þ permeability of the MET channel
is as follows. In neonates younger than P6, the Ca2þ perme-
ability of the channel relative to Csþ (PCa/PCs) of apical
OHCs is greater than the PCa/PCs in basal OHCs, but de-
clines during the second week to be identical to that of the
base (~4.6; (24)). If the change is due to loss of TMC2,
this result suggests that channels containing TMC2 have
larger PCa/PCs compared with those with TMC1; consistent
with this notion, TMC1 knockout increases PCa/PCs at the
base, indicating for a limited time TMC2 can compensate.
In contrast, Tmc1 knockout has little effect at the apex,
perhaps because in the first postnatal week, the apical
OHC MET channel is composed mainly of TMC2. Despite
these effects, one should be cautious in concluding that the
results of Tmc mutations on PCa/PCs imply that the TMC
proteins are part of the pore. A useful comparison is the
CRAC channel, composed of Orai1 and activated by
STIM1 (40). Although acidic residues (E106) in the Orai1
contribute to the Ca2þ selectivity of the channel, the selec-
tivity can under some circumstances be modulated by bind-
ing of the activator STIM1 (40), indicating the gating
process can influence ionic selectivity.
Further insights have been derived from study of Beet-
hoven, an allele with a point mutation in Tmc1 causing a
methionine to lysine substitution at residue 412 (M412K;
Fig. 2 A). This is a dominant mutation, and Tmc1Bth/þ
heterozygous mice display progressive hearing loss associ-
ated with postnatal hair cell degeneration. In contrast,
Tmc1Bth/Bth homozygous mice are profoundly deaf at birth
(22). There is consensus that the Beethoven mutation results
in a reduction in Ca2þ selectivity of the MET channel6 Biophysical Journal 111, 3–9, July 12, 2016(39,41,42). However, the reported effect on single-channel
conductance differed between IHCs and OHCs, with a
reduction in IHCs (39) but no effect on either apical or basal
OHCs (41). There is also uncertainty over the location of the
M412K mutation in the ion conduction pathway. In one
case, the mutation is depicted from the putative channel
structure as being in the extracellular loop between the S3
and S4 domains (16,34) (Fig. 2); in the other case, based
on the differential intracellular or extracellular block of
the channel by the antibiotic dihydrostreptomycin, the
mutated residue is posited to reside on the internal face of
the pore (42). These different conclusions might be partially
reconciled if the S3/S4 linker were to form the wall of an
external vestibule of the pore. However, the point mutation
is unlike that employed in establishing function in other ion
channels, for which a glutamate, providing negative charge
in the pore to promote cation fluxes, is neutralized
(32,38,40). For Beethoven, a neutral residue is replaced by
a positively charged one. If the MET channel contains a ves-
tibule at the external face of the pore (8,27), perhaps formed
by the S3/S4 loop, introduction of a positively charged
lysine within the vestibule may repel Ca2þ ions thus
decreasing their local concentration and diminishing Ca2þ
permeability.
Other clues to the structure are the sites of the TMC1 mu-
tations conferring deleterious effects on hearing. The human
mutations (Fig. 2 A) are distributed throughout the protein,
but the majority occurs in the central portion of the protein.
The mutated residues are concentrated in the putative extra-
cellular loops S3/S4 and S5/S6, and in the large intracellular
region connecting S4 and S5 (16,34). It might be speculated
that the two extracellular domains line the vestibule of
the MET channel. The intracellular region includes the
extended sequence that is deleted in the mouse deafness mu-
tation. This region also contains two sequences predicted at
lower probability to be transmembrane domains (34), in
which case the segment linking these two candidate trans-
membrane domains might form a reentrant loop that acts
as the MET channel pore (Fig. 2 B). Such a hypothesis for
the TMC1 protein structure might account for the large
number of lethal point mutations over the S4/S5 region,
which would most likely affect ion conduction through the
MET channel.TMC1 in other cell types
Is there any evidence for mechanoreceptor function in other
members of the TMC family? Although the Tmc gene name
implies that these proteins are ion channels, there is no
direct evidence for their having channel activity and their
molecular function remains unknown. Neither of the verte-
brate TMC1 or TMC2 isoforms has been shown to confer
channel activity or a mechanical response in a heterologous
expression system. In the nematode worm, Caenorhabditis
elegans, which possesses two tmc genes, one of the gene
The Hair-Cell Mechanotransducer Channelproducts, TMC-1, was reported to be required for Naþ che-
mosensation in ASH neurons, and to behave as a Naþ sensor
in the worm olfactory neurons and in cultured mammalian
cells (35). Thus it may make the ASH sensory neurons
detect stressful levels of external Naþ and trigger an aver-
sive behavioral reflex. However, these observations have
not been repeated. Other work (43) has implied that the
function of TMC-1 is more complex and involved in meta-
bolism. Slow development and poor reproduction in
C. elegans is evoked by nutritional stress or restriction of
optimal food, and it has been hypothesized that the worm
uses TMC-1 as part of its stress-sensing system to delay
the rate of development and reproduction until the animal
finds the best food. Consistent with this notion, tmc-1
mutation promotes growth and reproductive success. Exper-
iments showed that, in response to nutritional stress, TMC-1
enhanced the excitability of some motoneurons and body-
wall musculature. The increased excitability might occur
via Naþ influx, which would be consistent with experiments
demonstrating TMC-1–mediated Naþ conduction. How-
ever, raising environmental Naþ had no obvious effect on
development for either wild-type or tmc-1 mutants (43).
These findings argue that TMC-1 might have other functions
to regulate the cellular physiology, in addition to aversive
environmental Naþ sensation. There is no evidence that
TMC-1 can operate as a mechanoreceptor in C. elegans,
and indeed there are a number of other membrane proteins
that fulfill this role, including TRP-4, OSM-9, and DEG/
ENaC channels (44).
Two members of the TMC gene family have a recognized
role in humans. Mutations in TMC6 or TMC8 genes (also
known as EVER1 and EVER2, respectively) cause epider-
modysplasia verruciformis, a rare autosomal recessive dis-
order characterized by abnormal susceptibility to certain
human cutaneous papillomaviruses (HPVs) and risk of
skin cancer (14,45). Uncontrolled HPV infections result in
the growth of scaly macules and plaques, especially on the
hands and feet, from which it is known colloquially as
tree man illness. The precise function of the TMC6 and
TMC8 gene-products are not fully understood, but one hy-
pothesis is that they play a role in regulating the distribution
of Zn2þ among cytoplasmic organelles. TMC6 and TMC8
are localized to the endoplasmic reticulum membrane
(45,46), and, based on yeast two-hybrid screening and co-
immunoprecipitation experiments, these proteins are
thought to interact with the zinc transporter, ZnT-1. The
TMC proteins promote Zn2þ influx into the endoplasmic re-
ticulum in keratinocytes, and regulate Zn2þ homeostasis in
lymphocytes (46,47). TMC6 and TMC8 might either modu-
late the activity of ZnT-1, or serve as Zn2þ transporters
themselves. Zn2þ is a necessary cofactor for many viral pro-
teins, and the activity of the TMC6/TMC8 complex may
restrict the access of viral proteins to cellular zinc stores
so limiting their growth (46). It has also been found that
TMC8, when expressed in HEK293 cells, is targeted tothe endoplasmic reticulum membrane, and there controls re-
ceptor-mediated release of Ca2þ and Zn2þ into the cyto-
plasm following ATP stimulation (48). All three proteins,
TMC6, TMC8, and ZnT-1, are of comparable size
(TMC6, 810 amino-acid residues; TMC8, 723 residues;
and ZnT1, 503 residues) and, with six transmembrane do-
mains (49), the ZnT-1 is reminiscent of the structure of an
ion channel subunit (Fig. 2). Is it possible that ZnT-1, which
functions as dimer (49), in association with TMC6 and
TMC8 forms a tetrameric exchanger or channel complex
in the endoplasmic reticulum membrane? If a similar struc-
tural arrangement were to occur in the stereocilia, could two
TMC1 molecules create a channel complex along with a
pair of other, as yet unknown, channel proteins?TMHS and TMIE, other proteins of the hair-cell
transduction complex
Besides TMC1 and TMC2, two other deafness proteins,
LHFPL5 and TMIE, have been identified as resulting in
loss of mechanotransduction (50–52). Both LHFPL5 and
TMIE are localized to the tips of the stereocilia near the
transduction machinery, and have been shown to interact
with the N-terminus of PCDH15 at the lower end of the
tip link (51,53), just as TMC1 does (53,54). Compared
with ion channel subunits that generate multimeric chan-
nels, such as voltage-dependent Kþ channels with ~500 res-
idues, LHFPL5 and TMIE are small proteins, 219 and 153
amino acid residues, respectively, and their size casts
doubt on them being pore-forming subunits of an ion chan-
nel. The larger LHFPL5 (originally known as TMHS for
transmembrane protein of hair cell stereocilia) has four
transmembrane domains with properties analogous to the
structurally unrelated tetraspan TARP proteins like starga-
zin. TARP proteins regulate trafficking of the pore-forming
subunits of AMPA receptors to the postsynaptic membrane
and also influence channel conductance (55). Similarly,
LHFPL5 may control the properties of the MET channel
complex and its steering to the stereociliary tips (50).
LHFPL5 is needed for appropriate targeting of the TMC1
to the hair bundles and the results of Lhfpl5 mutations
may at least partly reflect the absence of TMC1 in the hair
bundle. Thus immunolabeling for TMC1 showed its pres-
ence in OHC hair bundles of wild-type mice but not in bun-
dles from Lhfpl5/ (53). Hair cells of zebrafish deficient in
TMIE exhibit no microphonic potentials or uptake of the
fluorescent dye FM1-43, both effects attesting to loss of me-
chanotransduction (52), and mice with Tmie mutations are
deaf (51). Co-immunoprecipitation experiments suggest
TMIE interacts with LHFPL5 and with the naturally occur-
ring CD2 isoform of PCDH15, and TMIE and LHFPL5 have
been proposed to part of the protein complex coupling the
tip link to the MET channel (51). In both Tmie and Lhfpl5
knockout mice, in which the normal MET current is lost,
an unconventional (reverse-polarity) current can still beBiophysical Journal 111, 3–9, July 12, 2016 7
Fettiplacerecorded (51,53), indicating that this unconventional current
requires neither TMIE nor LHFPL5. Unfortunately, these
results provide no information about whether LHFPL5 or
TMIE contribute to the MET channel pore.CONCLUSIONS
TMC1 is likely to be intimately associated with the MET
channel complex because its knockout diminishes channel
conductance and the tonotopic gradient thereof; this conclu-
sion is also supported by reduction in ionic (Ca2þ) selec-
tivity in several TMC mutants. However, these effects do
not unequivocally argue for TMC1 forming the pore. Addi-
tional evidence on the contributions of TMC6 and TMC8 to
epidermodysplasia verruciformis, and predisposition to
HPV, raise the tantalizing possibility that the TMC paralogs
may form an ion channel by associating with transporters to
influence the cell balance of ions such as Zn2þ and Ca2þ. It
seems reasonable to conclude that TMC1 is one component
of a MET channel complex, which may also include
LHFPL5, TMIE, and probably other as yet unidentified pro-
teins. The inability to express TMC1 in a heterologous cell
line and have it trafficked to the plasma membrane poses a
major hurdle in definitively assigning function to the pro-
tein. Nevertheless, localization of tagged TMC proteins to
the stereociliary tips in mice expressing TMC1-mCherry
or TMC2-AcGHFP confirms that they are capable of being
targeted to the plasma membrane (25). Further progress will
require either demonstration of a TMC1-based mechanosen-
sitive channel in a heterologous expression system, or dis-
covery of new MET channel proteins in stereocilia.ACKNOWLEDGMENTS
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